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Abstract. Microsatellites and mitochondrial DNA se-
quences were studied for the two subspecies of orangu-
tans (Pongo pygmaeus), which are located in Borneo (P.
p. pygmaeus) and Sumatra (P. p. abelii), respectively.
Both subspecies possess marked genetic diversity. Ge-
netic subdivision was identified within the Sumatran or-
angutans. The genetic differentiation between the two
subspecies is highly significant for ND5 region but not
significant for 16s rRNA or microsatellite data by exact
tests, althoughFST estimates are highly significant for
these markers. Divergence time between the two subspe-
cies is approximately 2.3 ± 0.5 million years ago (MYA)
estimated from our data, much earlier than the isolation
of their geological distribution. Neither subspecies un-
derwent a recent bottleneck, though the Sumatran sub-
species might have experienced expansion approxi-
mately 82,000 years ago. The estimated effective
population sizes for both subspecies are on the order of
104. Our results contribute additional information that
may be interpreted in the context of orangutan conser-
vation efforts.
Key words: Orangutan — Genetic diversity — Ge-
netic differentiation — mtDNA-Microsatellites.
Introduction
The orangutan,Pongo pygmaeus,is the only extant non-
African great ape species. The current wild populations
of orangutan exist only in the islands of Borneo and
Sumatra, although the fossils of orangutans have been
found in sites widespread throughout Southeast Asia
(Smith and Pilbeam 1980), documenting a previously
wider distribution. In the wild, the species has become
severely threatened because of poaching and habitat de-
struction. It is estimated that populations in the wild may
have declined by as much as 30–50% between 1983 and
1993 (Sodaro 1997).
Traditionally, the two island populations are regarded
as two subspecies:Pongo pygmaeus pygmaeus(Lin-
naeus, 1760) on Borneo andP. p. abelii(Lesson, 1827)
on Sumatra, based primarily on their distinctive morpho-
logical and behavioral characteristics (Groves 1971;
Rijksen 1978; Nowak 1991; Demitros 1997). The two
subspecies differ cytogenetically by a pericentric inver-
sion of chromosome 2, and this difference has been used
as an index of subspecies for captivity management
(Seuanez et al. 1979; Ryder and Chemnick 1993). How-
ever, molecular genetic data from protein electrophoresis
(Bruce and Ayala 1979), DNA hybridization (Caccone
and Powell 1989), isozyme, two-dimensional electropho-
resis (Janczewski et al. 1990), mtDNA-RFLP, mtDNA
sequences, and minisatellites (Ferris et al. 1981; Ryder
and Chemnick 1993; Xu and Arnason 1996a; Zhi et al.
1996; Muir et al. 2000) have demonstrated that the dif-
ferences between the two subspecies are almost the same
as or even higher than those between recognized species,
e.g., chimpanzee (Pan troglodytes) vs. bonobo (Pan pa-
niscus), horse (Equus caballus) vs. donkey (Equus asi-
nus), etc. Some authors suggest the two orangutan sub-
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Arnason 1996a), although this analysis has been chal-
lenged (Muir et al. 1998).
Knowledge of genetic structure and taxonomic dis-
tinctions of orangutan subspecies is important not only
for systematic issues but also for population studies rel-
evant to species conservation, sample origin identifica-
tion, and reintroduction efforts (O’Brien 1994; Zhi et al.
1996). In this study, we assess the genetic differentiation
within and between the two subspecies, using two ge-
netic measures of variation: mitochondrial DNA se-
quences and nuclear DNA microsatellite loci.
Materials and Methods
Samples
DNA was extracted from blood, tissues, and/or cell lines kept in the
Center for Reproduction of Endangered Species, San Diego Zoo. For
the Bornean orangutans, there were 13 male and 8 female samples; for
the Sumatran orangutans, there were 8 male and 15 female samples. All
individuals were born in the wild and regarded as unrelated, except one
female Sumatran orangutan that was born in captivity and assumed to
be unrelated to the other individuals. However, the exact original cap-
ture sites of those wild-born animals were not known. The karyotypes
of all individuals, except the one born in captivity, were investigated
and were consistent with their subspecies classification (Ryder and
Chemnick 1993).
Microsatellite Screening
Twenty tri- or tetrameric microsatellite loci were screened here using
primers developed for humans: D1S550, D2S1326, D2S1363, D2S425,
D3S2459, D4S1627, D4S2408, D5S1505, D6S501, D7S1869,
D10Q0002, D13S321, D13S765, D14S581, D16S540, D17S1289,
D17S1303, D19S190, D20S476 and D22S684. One of each pair of
primers was fluorescent dye-labeled. PCR was performed as follows:
94°C 40s, 56°C 40s, 72°C 30s, for 35 cycles, with 94°C 12 min at the
beginning and 72°C, 10 min at the end. Sizing was scored using Model
373 automated sequencer with GENESCAN 672 software (PE Applied
Biosystems).
ND5 Sequencing
An approximately 550 bp fragment of ND5 near the 58-region was
amplified using primers orang-ND5f: 58-TAA CCG CCC TCA CCT
TAA CTT CCC-38, and orang-ND5r: 58-GGT CAG GAT GAA GCC
AAT GTC G-38. PCR conditions were the same as those for microsat-
ellite screening. Both strands were sequenced using ABI 373 sequencer
(PE Applied Biosystems). Sequence alignment was performed using
Sequencher 3.1 (Gene Codes Corporation, Inc.).
Data Analysis
In addition to ND5 data, orangutan DNA sequences from other mito-
chondrial regions have been previously reported (Ruvolo et al. 1994;
Xu and Arnason 1996a; Zhi et al. 1996; Muir et al. 2000). Here we also
reanalyzed 16s rRNA data from Zhi et al. (1996) (see Table 1). How-
ever, a preliminary test showed that 16s rRNA did not evolve at a
constant rate in the two orangutan subspecies, so we did not focus our
analysis on this region but rather on ND5. Other authors have contrib-
uted microsatellite studies of chimpanzees and bonobos (Morin 1992;
Morin et al. 1994; Reinartz et al. 2000). Some of their data and/or
results were utilized here for comparison (see Table 1).
Unless otherwise identified, data analyses were performed using the
Arlequin software package (Schneider et al. 1997). Genetic diversities
at the nucleotide level (p) for ND5 and 16s rRNA were estimated.
Different substitution models are available in Arlequin and they gave
similar results for our data set, so here we only listed results from the
Kimura-2-parameter model (Kimura 1980). Differentiation between the
two subspecies was evaluated by two methods: the pairwiseFST (RST)
values, which can be used as short-term genetic distances between
populations (Slatkin 1995; Schneider et al. 1997) and the exact test,
which explores all potential states of the contingency table to estimate
the probability of observing a table equal or less than the observed
sample configuration under the null hypothesis of panmixia (Raymond
and Rousset 1995; Goudet et al. 1996; Schneider et al. 1997). To test
for the presence of significant association between pairs of microsat-
ellite loci, a likelihood ratio test was performed (Schneider et al. 1997),
with >16,000 permutations which guaranteed less than 1% difference
with the exact probability in 99% of the cases (Guo and Thompson
1992). Estimates of the gene exchange index,Nm, between the two
subspecies, were calculated by using equations (15a and 15b) of Slatkin
(1995).
Mismatch distribution is usually multimodal in samples drawn from
populations at demographic equilibrium, but unimodal in recently ex-
panded populations (Rogers and Harpending 1992; Schneider et al.
1997). The raggedness index of the observed distribution defined by
Harpending (1994) takes larger values for multimodal distributions
than for unimodal and smoother distributions (Schneider et al. 1997).
Here mismatch distribution was only performed for ND5 data, and
population expansion time was estimated by using Rogers and
Harpending’s method (1992).
The relative rate test was performed by PHYLTEST program (Ku-
mar 1996) to evaluate if the ND5 region evolves constantly in the two
orangutan taxa, using oneGorilla gorilla gorilla sequence (Xu and
Arnason 1996b, GenBank accession number X93347) as the outgroup.
Since a preliminary test showed a constant evolutionary rate between
chimpanzees and bonobos from our unpublished data, using 2.5 ± 0.5
MYA as divergence time for the twoPanspecies (Morin et al. 1994),
we estimated that the substitution rate of this ND5 region was about 1.1
× 10−8 substitution/site/year. This substitution rate was used here to
estimate divergence time between the two orangutan subspecies.
Parsimony analysis for ND5 gene was performed with PAUP3.1
Table 1. Genetic diversity within different ape groups








Bornean 0.35% (0.24%) 1.38% (0.80%) 4.3 (0.62) 0.47 (0.08)
Sumatran 1.07% (0.60%) 0.71% (0.51%) 4.2 (0.43) 0.52 (0.06)
Chimpanzee 0.77% (0.49%) 0.00% (0.00%) 9.9 (1.16) 0.73 (0.07)
Bonobo 0.37% (0.25%) 0.28% (0.23%) 4.9 (0.51) 0.48 (0.06)
a For mtDNA data analysis, the Kimura-2-parameter model (Kimura
1980) was used for molecular distance estimate. ND5 results for chim-
panzees and bonobos were from our unpublished data. Partial 16s
rRNA sequences (387bp) of these apes were from Zhi et al. (1996,
GenBank accession number U63489-63505), in addition to another
three sequences of chimpanzees: NC_001643, D38113 (Hixon and
Brown 1986), and X93335 (Arnason et al. 1996); and seven sequences
of bonobos: AB050147-Ab050151 (Saitou et al. 2000), NC_001644,
and D38116 (Hixon and Brown 1986). Sequence alignments were ac-
cording to Zhi et al. (1996)
b Microsatellite results of chimpanzees and bonobos were from Rein-
artz et al. (2000); here we used data set representing a Pan-African
sample for chimpanzees, which were derived from Morin (1992) and
Morin et al. (1994). Mean A and mean Ho are mean allele numbers and
mean observed heterozygosity over loci, respectively
SD: standard deviation; SE: standard error
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(Swofford 1993), using the same gorilla sequence as the outgroup. All
characters were assigned as unordered and given equal weight or al-
ternatively different weights to transitions and transversions (see Re-
sults). Bootstrap analysis consisted of 1,000 heuristic replications. Dis-
tance methods Neighbor-Joining (NJ) and UPGMA by MEGA1.02
(Kumar et al. 1993) were also used for ND5 gene tree construction.
A bottleneck test was performed using BOTTLENECK 1.2.01
(Cornuet and Luikart 1996). Both the infinite allele model (IAM) and
the stepwise mutation model (SMM) were tested. This program also
calculated observed heterozygosity (Ho) and expected heterozygosity
(Heq) at each locus.
We estimated effective population size,Ne,based on expected het-
erozygosity (Heq) at each of the microsatellite loci in each subspecies.
The following formulae were used:
SMM: Ne= $@1/~1 − H!#2 − 1%/8m
IAM: Ne= H/4m~1 − H!
where H is Heq andm represents mutation rate (Nei 1987; Lehmann et
al. 1998). For microstellite data, both SMM and IAM were used to
calculateNe with m 4 10−4 (Edwards et al. 1992; Weber and Wong
1993). For ND5 data, two methods were used to estimateNewith m 4
1.1 × 10−8: (1) the IAM model; (2) Ruvolo’s (1997) method. First we
estimated the mean time to coalescence for mitochondrial haplotypes
that differ most (Ruvolo et al. 1993), then we calculatedNe by using
the formulae of Ruvolo (1997), with 20 years as generation time.
Results
Analysis of ND5 Sequences
A 536bp fragment of the ND5 gene near the 58-region
was PCR amplified and sequenced. For data analysis, we
used a 483bp region that encodes 161 amino acids of the
ND5 protein (from amino acid 16 to 176). All sequences
have been submitted to GenBank and their accession
numbers are AF255448–AF255458. There were 5 and 6
haplotypes found in the Bornean and Sumatran orangu-
tans, respectively (Fig. 1). Differences between the two
subspecies were obvious: among 37 variant sites, 18 dis-
tinguished the Sumatran orangutans from the Bornean
orangutans. Most variations occurred at the third codon
position (30 sites) and only six variations occurred at the
first codon position (sites 187, 283, 286, 352, 379, and
394) and one variation occurred at the second codon
position (site 359). The ratio of transitions to transver-
sions is about 25.
The result of the relative rate test showed that this
ND5 region evolved constantly between the two orang-
utan taxa. When using 1.1 × 10−8 as the substitution rate,
it is estimated that the two orangutans separated at about
2.3 ± 0.5 MYA. This result is slightly higher than those
estimated from other molecular data (0.73–1.7 MYA)
(Janczewski et al. 1990; Zhi et al. 1996).
Distinct Bornean and Sumatran clades for ND5 gene
trees were obtained regardless of which method was used
or whether characters were weighted equally or un-
equally (transition: transversion as 1:25) (Fig. 2). The
trees from distance methods had a tendency to separate
the Sumatran orangutans into two groups (sum1 and
sum4 and sum2, sum8, and sum15.
Genetic Diversity Within Orangutan Subspecies
There were appreciable amounts of ND5 nucleotide di-
versity estimated in both subspecies (Table 1). These
results are similar to those from mtDNA-RFLPs, which
estimatedp at 0.33% (Bornean) and 1.75% (Sumatran),
(Zhi et al. 1996). The Sumatran values are particularly
high and surpass those of the common chimpanzees and
the bonobos from our unpublished data.
A 387bp fragment of the 16s rRNA gene was also
analyzed here (see Table 1). There was marked diversity
within the two orangutan subspecies, but with a much
higher diversity within the Borneans than within the Su-
matrans. There was no variation within the chimpanzee
sequences. The bonobos showed a relatively low diver-
sity.
Of twenty microsatellite loci screened here, nineteen
are polymorphic in one or both subspecies (Fig. 3). One
locus, D16S540, is monomorphic in both subspecies and
Fig. 1. Sequence variation between orangutan subspecies; “bor” and “sum” denote the Bornean and the Sumatran orangutans, respectively.
Numbers above denote location of the nucleotide in the ND5 gene (calculated from the initiation codon). Numbers in brackets denote the number
of individuals sharing the same haplotype.
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was not used for further analysis. In addition to
D16S540, the Bornean subspecies has five more mono-
morphic loci, whereas the Sumatran subspecies has only
one additional monomorphic locus. At locus D3S2459,
we found no shared alleles between the two orangutans.
The mean allele numbers (A) of the two orangutan sub-
species are almost the same over the examined loci. Ge-
netic diversity estimated as the mean observed heterozy-
gosity (Ho) over the microsatellite loci showed a higher
diversity within the Sumatran than within the Bornean
orangutans (Table 1). To assess differences in mean A
and mean Ho between the two orangutans, we used one-
way analysis of variance (ANOVA; Sokal and Rohlf
1995). Our results showed no significant difference be-
tween the two orangutan taxa for either allelic diversity
(ANOVA: F 4 0.017,P > 0.05) or heterozygosity di-
versity (ANOVA: F 4 0.237,P > 0.05), whereas the
results of Reinartz et al. (2000) for chimpanzee/bonobo
comparison showed significant difference at both
(ANOVA for allelic diversity: F 4 13.259,P 4 0.003;
for heterozygosity diversity:F 4 10.273,P 4 0.003).
Genetic Differentiation Between Subspecies
Differentiation between the two subspecies was assessed
by FST (for both mtDNA and microsatellites) andRST
(for microsatellites only). All theseFST and RST values
were highly significant (Table 2). Genetic divergence
represented byFST values between the Bornean and the
Sumatran orangutans were nearly the same as those be-
tween chimpanzees and bonobos. However, the exact
test of population differentiation resulted in a highly sig-
nificant difference only for ND5 data. Neither 16s rRNA
data nor microsatellite data were found to be signifi-
cantly different by the exact test.
Gametic Linkage Disequilibrium
All pairwise comparisons of different microsatellite loci
were calculated. For each subspecies, there were 171
independent comparisons, so we would expect 1–2 of
them to be significant at the 0.01 level by chance alone.
Our results showed that there were only 2 and 3 values
were statistically significant at the 0.01 level within the
Bornean and the Sumatran subspecies, respectively
(Table 3). These loci are likely stochastically significant,
without showing much biological meaning, e.g., rather
than loci located on the same chromosome and demon-
strating linkage because of their physical location.
Effective Population Size
The effective population sizeNe provides a measure of
the effect of genetic drift on a population.Nedepends on
demographic factors such as population density, move-
ment pattern, and the mating system. Knowledge of this
parameter is fundamental in understanding population
structure (Lehmann et al. 1998). From microsatellite
data,Nesestimated by using the SMM at each locus were
always larger than those from the IAM (Table 4). The
meanNe from the IAM was in thousands; the meanNe
from the SMM was an order of magnitude larger. Both
methods for ND5 data estimatedNes in 104 or higher,
larger than those from microsatellite data.Nesestimated
from the IAM model were nearly 4 times those from
Ruvolo’s (1997) method.
Bottleneck Test
The program BOTTLENECK 1.2.01 (Cornuet and Lui-
kart 1996) was used to test if the microsatellite loci
showed a departure from the mutation-drift equilibrium.
Both the IAM and the SMM were tested. For the
Bornean orangutans, under the SMM, a deviation from
mutation-drift equilibrium was not supported by either
the Sign test (P > 0.20) or Wilcoxon test (P > 0.39, two
tailed). The results of the standardized difference test are
not reported here because at least 20 polymorphic loci
are required for this test. Under the IAM, the Wilcoxon
Fig. 2. Gene trees constructed using ND5
sequences. Numbers in brackets denote the
number of individuals sharing the same hap-
lotype.(a) and(b) NJ and UPGMA trees by
MEGA, respectively.(c) Parsimonious tree
by PAUP; numbers on the branch are the
confidence by 1,000 bootstrap replications.
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test supported a deviation (P < 0.004) although the Sign
test did not (P > 0.06). For the Sumatran orangutans,
under the SMM, neither test supported a deviation (Sign
test,P > 0.20; Wilcoxon test,P > 0.32), although under
the IAM both tests supported a deviation (Sign test,P <
0.02; Wilcoxon test,P < 0.04). Since microsatellites with
3- to 5-bp repeats are thought to evolve predominantly
under the single-step SMM (Shriver et al. 1993; Cornuet
and Luikart 1996), we consider the SMM results more
suitable for our data. Thus, our results suggested that
Fig. 3. Allele distribution of microsatellite loci in the two orangutan subspecies. The monomorphic locus D16S540 is not shown. Note that there
are no alleles shared by the two subspecies at locus D3S2459.
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both orangutan subspecies may be in mutation-drift equi-
librium at the microsatellite loci examined. Finally, the
analysis of allele frequency distribution revealed an L-
shape for both subspecies, which is expected for a popu-
lation that did not experience a recent bottleneck (Luikart
et al. 1998).
Expansion Time Dating
The mismatch distribution test from ND5 data cannot be
performed for the Bornean orangutans because the pa-
rameters of expansion cannot be estimated by the Arle-
quin software based on the observed mismatch distribu-
Fig. 3. Continued.
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tion. Results for the Sumatran orangutans gave the
raggedness index as 0.157 and the tau value as 1.744.
Because orangutan females usually breed for the first
time at 15 years, whereas males may not begin to breed
until 18–20 years (Markham 1994), we assume 20 years
as the generation time. Using Roger and Harpending’s
(1992) method and 1.1 × 10−8 as substitution rate, we
calculated the expansion time for the Sumatran orangu-
tans to be approximately 82,000 years ago.
Discussion
Taxonomic Status of the Two Orangutans
The taxonomic classification of orangutans is relevant
not only to systematic issues but also to species conser-
vation (O’Brien 1994; Zhi et al. 1996). The Bornean and
the Sumatran orangutans are traditionally regarded as
different subspecies (Nowak 1991). Hybrids have been
produced in captivity, and preliminary data suggest that
hybrid fertility is not especially reduced, at least com-
pared to that of purebred Borneans (Markham 1985;
Courtenay et al. 1988). However, for most species, the
most important criterion for recognizing species, that of
reproductive isolation, is hard to apply in practice, and
the degree of differentiation becomes the main consid-
eration in determining the level of taxonomic relatedness
(Mayr 1969; Courtenay et al. 1988). Recently, studies of
chromosomes, proteins, DNA hybridization, mtDNA-
RFLPs, mtDNA sequences, minisatellites, etc., have
demonstrated that the genetic differences between the
two orangutans are almost the same as or even higher
than those of other putative species like chimpanzee/
bonobo, horse/donkey, etc. (Bruce and Ayala 1979; Fer-
ris et al. 1981; Caccone and Powell 1989; Janczewski et
al 1990; Ryder and Chemnick 1993; Xu and Arnason
1996a; Zhi et al. 1996; Muir et al. 2000). Based on these
differences, some researchers have suggested that the
two orangutans should be elevated to be separate species
(Xu and Arnason 1996a). Recently, on the “Taxonomy
for the New Millennium” workshop in Orlando, the
Asian subpanel also recommended that the Sumatran and
Bornean orangutans be elevated to full species due to the
accumulating evidence of the great genetic differences
between them (Dr. Caro-Beth Stewart, personal commu-
nication). But Muir et al. (1998) doubted this elevation
and questioned the connection of conservation issues and
academic systematics arguments. Courtenay et al. (1988)
compared differences between the two orangutans from
morphological, behavioral, and genetic data reported
from other authors, finding that although the genetic dif-
ference is obvious between the two orangutans, the total
differences are less impressive.
Our results from Arlequin analysis showed thatFST
andRST between the Bornean and the Sumatran orangu-
tans are highly significant, with a low gene exchange
index Nm (Table 2). However, while the exact test of
population differentiation showed a highly significant
ifference for ND5 data, neither 16s rRNA data nor mi-
crosatellite data supported significant population differ-
entiation by this test. Analyses of allelic and heterozy-
gosity diversity of the two orangutan taxa showed no
significant differences between them. While using the
same analyses, Reinartz et al. (2000) found differences
between chimpanzees and bonobos to be significant for
both allelic and heterozygosity diversity. Even though
other microsatellite loci than ours were studied, their
results still provided comparable information.
In general, the two orangutan taxa are highly differ-
entiated at the genetic level. However, the effectiveness
of elevating the two orangutans as separate species is still
controversial. Although genetic differentiation between
the two orangutans is comparable to those between well-
recognized species, there are no objective criteria clari-
fying how significant the difference will be to diagnose
species status. Furthermore, genetic divergence esti-
mated from different genetic markers may be different.
e.g., the exact test of population differentiation gave con-
trary results for ND5 and 16s rRNA/microsatellite data.
Melnick et al.’s (1993) studies on macaque monkeys
showed that mtDNA diversities within species surpass
those between species, even though their conclusions
were based on RFLP data and may not adequately
sample diversity. Recently, Segesser et al.’s (1999) mi-
crosatellite work on Barbary macaques also demon-
strated that differentiation between isolated subpopula-
tions could be significant. We suggest caution before
using only genetic differentiation as index for taxonomic
classification in the absence of more objective criteria
and consensus data sets (Ryder 1986). If we separate the
Table 2. Genetic differentiation between different ape groupsa
Bornean/Sumatran Chimpanzee/Bonobo
FST (Nm)
ND5 0.910*** (0.025) 0.780*** (0.071)
16s rRNA 0.734*** (0.091) 0.885*** (0.032)
Microsatellites 0.142*** (1.511) –
RST (Nm)
Microsatellites 0.444*** (0.157) –
Exact test
ND5 *** ***
16s rRNA Not significant Not significant
Microsatellites Not significant –
a Data sources are the same as described in Table 1
For FST andRST estimate, 1,000 permutations were performed to test
significance
For exact test, the default values were used, i.e., 10,000 steps in
Markov chain, 1,000 steps in dememorization, and the required preci-
sion on probability is 0.01
Nm: gene exchange index
*** P < 0.001
– Comparison not available
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Table 4. Effective population sizeNe estimated from microsatellite loci and ND5 sequences
Locus
Bornean Sumatran
A Ho NeIAM NeSMM A Ho NeIAM NeSMM
Microsatellitesa
D1S550 7 0.82 5,778 28,787 6 0.81 4,464 1,7973
D2S1326 6 0.67 4,602 18,750 4 0.54 2,431 7,183
D2S1363 2 0.09 768 1,089 2 0.35 701 1,045
D2S425 1 0.00 – – 4 0.62 2,317 7,183
D3S2459 6 0.76 4,663 19,575 5 0.79 3,369 1,2276
D4S1627 5 0.62 3,612 12,921 6 0.69 4,425 1,8590
D4S2408 7 0.77 6,003 28,206 5 0.76 3,369 1,2100
D5S1505 10 0.88 10,521 69,415 8 0.77 7,079 3,7330
D6S501 7 0.78 5,806 28,206 6 0.73 4,542 1,9074
D7S1869 2 0.49 709 1,083 3 0.30 1,487 3,463
D10Q0002 1 0.00 – – 3 0.09 1,494 3,463
D13S321 5 0.75 3,524 12,365 6 0.72 4,542 18,279
D13S765 5 0.58 3,553 12,826 5 0.63 3,328 12,187
D14S581 5 0.66 3,495 12,187 3 0.57 1,449 3,481
D17S1289 1 0.00 – – 2 0.29 734 1,027
D17S1303 1 0.00 – – 2 0.26 697 1,070
D19S190 2 0.22 697 1,089 1 0.00 – –
D20S476 1 0.00 – – 2 0.09 705 1,058
D22S684 7 0.82 5,889 28,206 6 0.78 4,503 18,750
Mean 4.3 0.47 4,259 19,621 4.2 0.52 2,869 10,863





For microsatellite data, mutation rate is 10−4. A, allele number, Ho, observed heterozygosity,NeIAM andNeSMM, estimated effective population
size based on the IAM and the SMM, respectively
b For ND5 data, mutation rate is 1.1 × 10−4. ND5(1): the IAM model method; ND5(2): Ruvolo’s (1997) method
Table 3. Linkage disequilibrium between pairs of loci in the Bornean (above diagonal) and the Sumatran orangutans (below diagonal)a
Loci 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
D1S550 * − − − − − − − − − − − − − − − − − −
D2S1326 − * − − − − − − − − − − − − − − − − −
D2S1363 − − * − − − − − − − − − − − − − − − −
D2S425 − − − * − − − − − − − − − − − − − − −
D3S2459 − − − − * − − − − − − − − − − − − − −
D4S1627 − − − − − * − − − − − − + − − − − − −
D4S2408 − − − − − − * − − + − − − − − − − − −
D5S1505 − − − − − − − * − − − − − − − − − − −
D6S501 − + − − − − − − * − − − − − − − − − −
D7S1869 − − − − − − − − − * − − − − − − − − −
D10Q0002 − − − − − − − − − − * − − − − − − − −
D13S321 − − − + − − − − − − − * − − − − − − −
D13S765 − − − − − − − − − − − − * − − − − − −
D14S581 − − − − − − − − − − − − − * − − − − −
D17S1289 − − − − − − − − − − − − − − * − − − −
D17S1303 − − − − − − − − − − − − − − + * − − −
D19S190 − − − − − − − − − − − − − − − − * − −
D20S476 − − − − − − − − − − − − − − − − − * −
D22S684 − − − − − − − − − − − − − − − − − − *
a * represents diagonal
+ Significant at 0.01 level
− Not significant at 0.01 level
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two orangutans as different species, then should we re-
consider the status of some other great apes? For the
genetic differentiation between western gorillas vs. east-
ern gorillas and western chimpanzees vs. eastern and
central chimpanzees are also apparent (Ruvolo et al.
1994; Garner and Ryder 1996; Morin et al. 1994; our
unpublished data).
Genetic Diversity and Orangutan Conservation
The distribution of the Bornean orangutans is discontinu-
ous and some of these gaps may be due to local extinc-
tion caused by overhunting (Rijken 1978; MacKinnon
and Ramono 1993). The Bornean orangutans are frag-
mented into four independent populations, whereas the
Sumatran orangutans are confined to the very northern
end of the island Sumatra even though they once had a
wider distribution (Janczewski et al. 1990; Kaplan and
Rogers 1994). It is estimated that orangutan populations
in the wild may have declined by as much as 30%–50%
between 1983 and 1993 (Sodaro 1997). Habitat loss
through conversion for timber, plantations, and agricul-
ture, as well as hunting and capture for the pet trade have
all contributed to this decline. Road construction leads to
fragmentation and isolation of formerly continuous
populations (Sodaro 1997).
Zhi et al. (1996) compared orangutans from different
Bornean populations, and concluded that there was little
genetic differentiation among them. There was no appar-
ent genetic subdivision within our Bornean samples. As-
suming they accurately represent the diversity of
Bornean populations, the conclusion that fragmentation
of the Bornean orangutans took place very recently is
upheld. Previously, there may have been substantial gene
flow within the whole Bornean populations. If a thor-
ough survey from both Bornean orangutans in the wild
and captivity also concludes the same, then these find-
ings can shed light on some conservation problems: if
possible, confiscated Bornean orangutans should be re-
turned to original populations; if not possible, there
seems no significant genetic harm to using confiscated
animals to build new populations. This might be helpful
to artificially extend their distribution, and also help to
resolve the suspicions about disease infection from con-
fiscated animals to wild populations (Karesh et al. 1997).
Gametic Linkage Disequibrilium
Linkage disequilibrium measures the departure of the
observed association of alleles of different loci from ex-
pected values derived on the basis of random association.
Natural populations are usually under linkage equilib-
rium unless (1) the loci are tightly linked, often due to
inversions; (2) the gene pool is subdivided; (3) selection
maintains disequilibrium; or (4) there is strong genetic
drift (Lehmann et al. 1998). Our results suggest that ga-
metic phase disequilibrium was not widespread in both
subspecies, or the two subspecies are likely under link-
age equilibrium.
Interestingly, there are no shared alleles between the
two orangutans at locus D3S2459, which locates on
chromosome 3 in humans. Because chromosome 3 in
humans is homologous to chromosome 2 in orangutans,
on which the inversion occurred between the two sub-
species (Seuanez et al. 1979), non-overlapping alleles at
this locus may be associated with the pericentric chro-
mosome inversion.
Effective Population Size
Because the SMM represents a more conservative model
than the IAM (Cornuet and Luikart 1996), within mic-
rosatellites, estimates ofNe from the SMM should be
larger than those from the IAM. Our results were con-
sistent with this hypothesis (Table 4). Since the SMM
model is more suitable for our data,Ne estimates from
the SMM should be more reasonable. However, because
the actual average mutation rate of microsatellites may
be lower than 10−4 estimate (Edwards et al. 1992; Weber
and Wong 1993; Lehmann et al. 1998),Nesestimated
from the SMM might be still underestimated.
Although our estimate of the ND5 mutation rate (m 4
1.1 × 10−8) is nearly the same as the average mutation
rate (m 4 10−8) of the whole mitochondrial DNA (Nei
1987; Lehmann et al. 1998), the actual mutation rate for
ND5 region is probably higher due to multiple substitu-
tion. Thus,Nes from the IAM model might be largely
overestimated. On the other hand, althoughNes from
Ruvolo’s (1997) method might also be overestimated
due to an underestimated mutation rate, since the esti-
mated coalescence time only reflects the most different
haplotypes that we observe from limited samples and
thus is a conservative estimate, theN estimates were
correspondingly compromised. We considerNes esti-
mated from Ruvolo’s (1997) method may reflect a more
reasonable estimate.
In general, the effective population sizesNesfor both
orangutan subspecies approximate 104. These results are
nearly the same asNesestimated in humans, chimpan-
zees, and gorillas (Nei and Graur 1984; Ruvolo 1996;
1997). It is estimated that the number of extant orangu-
tans is about 5,000–6,000 in Sumatra and 37,000–40,000
in Borneo (Rijksen 1978; Nowak 1991; MacKinnon and
Ramono 1993), of which only an estimated 9,000 or so
are protected in the Indonesian reserve system (MacK-
innon and Ramono 1993). By comparing the extant num-
bers and estimatedNes,the prospects for preservation of
genetic diversity within both orangutan taxa are not op-
timistic. This is especially serious for the Sumatran or-
angutans, which possess high genetic diversity (the pre-
sent study; Zhi et al. 1996) but seem to be subdivided,
while their extant number is low compared with theN
estimate.
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Divergence of the Two Orangutans
Our estimate of divergence time between the two orang-
utan subspecies is about 2.3 ± 0.5 MYA based on ND5
sequence data. Janczewski et al. (1990) estimated it as
0.73–1.13 MYA, and Zhi et al. (1996) estimated it as
1.5–1.7 MYA. However, the two islands Borneo and
Sumatra were connected historically several times by
land bridges due to glacial effects and most recently
these land bridges persisted from about 60,000 years ago
until as recently as 10,000 years ago, or half of the last
years (Muir et al. 2000). These results suggest that the
two extant orangutans are representatives of populations
that were genetically isolated from one another long be-
fore the physical separation of the two islands.
Rijken (1978) found two types of Sumatran orangu-
tans based on their appearances: the dark-haired, long-
fingered type and the light-haired, short-fingered type.
However, many intermediates seem to exist between
these two extreme forms, and both types co-exist in the
same population. Karesh et al. (1997) reported two ma-
triarchal lines that exist sympatrically in Sumatra dating
back to 0.6 MYA. Recently, based on the identification
of highly diverged mitochondrial haplotypes within the
Sumatran orangutans and other paleogeographic evi-
dence, Muir et al. (2000) proposed a hypothesis that the
modern Sumatran orangutans are polyphyletic and the
ancestor of the Bornean orangutans might also have con-
tributed to the modern Sumatran orangutan gene pool.
However, our results do not serve as support for this
hypothesis, especially the point of ancestral Bornean
contribution. First, we did not find that Bornean-alike
haplotypes existed within the Sumatran samples at either
the ND5 or 16s rRNA region. Secondly, genetic diversity
of 16s rRNA within the Borneans was much higher than
those within the Sumatrans. Thirdly, although the ND5
data have a tendency to cluster the Sumatrans into two
groups (sum1 and sum4) and (sum2, sum8, and sum15)
(Fig. 2), their divergence time can be dated back to only
0.88 ± 0.28 MYA, later than the divergence time (2.3 ±
0.5 MYA) between the whole Sumatrans and the Borne-
ans.P distances (uncorrected) between the two Sumatran
groups (1.66%–2.10%) are also less than those between
the whole Sumatrans and the Borneans (4.56%–6.83%).
Historical Events
Historical events such as a bottleneck and/or expansion
within a population can distort its genetic diversity and
thus might be a step to speciation. Consequently, evalu-
ation of historical events that might have affected genetic
structure of extant orangutan populations is an interest-
ing area for investigation. We performed a bottleneck
test; however, there is no strong evidence to support that
either subspecies underwent a recent bottleneck. On the
contrary, there is evidence to suggest that the Sumatran
subspecies might have experienced expansion after the
two orangutan subspecies diverged.
Simple Test About Social Organization
Based on the hypothesis that kin selection has influenced
the evolution of social structure, Morin et al. (1994) stud-
ied degrees of relatedness among chimpanzee males,
who are philopatric, and among chimpanzee females,
who usually disperse at adolescence. Their results
showed that the mean number of alleles per locus shared
between chimpanzee males was significantly higher than
that between females, indicating that chimpanzee males
are more related to one another than are females. Using
their method, we also compared microsatellite data be-
tween orangutan males and females in each subspecies.
Our results showed no significant difference between
them in either subspecies. Our results could derive from
the randomness of sampling, but on the other hand, the
results might also be partly due to social structure dif-
ferences between chimpanzees and orangutans. The so-
cial structure of orangutan may be less organized than for
other great apes; they tend to move solitarily or in small
“natal” groups, i.e., mother with offspring (Rijksen 1978;
Kaplan and Rogers 1994).
Acknowledgments. We thank Leona Chemnick, Kimberly Keck, and
Peter Land for useful information about these samples and helping to
prepare DNA samples. Special thanks to Phillip A. Morin of Axys
Pharmaceuticals, Inc. for kindly providing primers for microsatellites.
Many thanks to Dr. Rob R. Ramey, Dr. Caro-Beth Stewart, Yuanchun
Ding, and two anonymous reviewers for their advice and comments on
the manuscript. This work is supported by Alice C. Tyler Perpetual
Trust, the Zoological Society of San Diego, and Chinese Academy of
Sciences and Natural Science Foundation of China.
References
Arnason U, Xu X, Gullberg A (1996) Comparison between the com-
plete mitochondrial DNA sequences of Homo and the common
chimpanzee based on nonchimeric sequences. J Mol Evol 42: 145–
152
Bruce EJ, Ayala FJ (1979) Phylogenetic relationships between man and
apes: electrophoretic evidence. Evolution 33: 1040–1056
Caccone A, Powell JR (1989) DNA divergence among hominoids.
Evolution 45: 925–942
Cornuet JM, Luikart G (1996) Description and power analysis of two
tests for detecting recent population bottlenecks from allele fre-
quency data. Genetics 144: 2001–2014
Courtenay J, Groves C, Andrews P (1988) Inter- or intra-island varia-
tion? An assessment of the differences between Bornean and Su-
matran orang-utans. In: Schwartz JH (eds) Orang-utan Biology.
Oxford, New York: Oxford University Press, pp 19–29
Demitros C (1997) Orangutan taxonomy and nomenclature. In: Sodaro
C (eds) Orangutan species survival plan husbandry manual. Chi-
cago Zoological Park, pp 5–11
Edwards A, Hammond HA, Jin L, Caskey CT, Chakraborty R (1992)
Genetic variation at five trimeric and tetrameric tandem repeat loci
in four human population groups. Genomics 12:241–253
Ferris SD, Brown WM, Davidson WS, Wilson AC (1981) Extensive
polymorphism in the mitochondrial DNA of apes. Proc Natl Acad
Sci USA 78:6319–6323
525
Garner KJ, Ryder OA (1996) Mitochondrial DNA diversity in gorillas.
Mol Phylogenet Evol 6:39–48
Goudet J, Raymond M, Meeus T de, Rousset F (1996) Testing differ-
entiation in diploid populations. Genetics 144:1933–1940
Groves CP (1971)Pongo pygmaeus.Mammalian Species 4:1–6
Guo SW, Thompson EA (1992) Performing the exact test of Hardy-
Weinberg proportion for multiple alleles. Biometrics 48:361–372
Harpending RC (1994) Signature of ancient populations growth in a
low-resolution mitochondrial DNA mismatch distribution. Hum
Biol 66:591–600
Hixon JE, Brown WM (1986) A comparison of the small ribosomal
RNA genes from the mitochondrial DNA of the great apes and
humans: sequence, structure, evolution, and phylogenetic implica-
tions. Mol Biol Evol 3:1–18
Janczewski DN, Goldman D, O’Brien SJ (1990) Molecular genetic
divergence of orangutan (Pongo pygmaeus) subspecies based on
isozyme and two-dimensional gel electrophoresis. J Hered 81:375–
387
Kaplan G, Rogers L (1994) Orang-utans in Borneo. University of New
England Press, Armidals NSW 2350
Karesh WB, Frazier H, Sajuthi D, Andau M, Gombek F, Zhi L, Janc-
zewski D, O’Brien SJ (1997) Orangutan genetic diversity. In: So-
daro C (eds) Orangutan species survival plan husbandry manual.
Chicago Zoological Park, pp 123–126
Kimura M (1980) A simple method for estimating evolutionary rate of
base substitution through comparative studies of nucleotide se-
quences. J Mol Evol 16:111–120
Kumar S, Tamura K, Nei M (1993) MEGA: molecular evolutionary
genetics analysis. Version 1.02. Pennsylvania State University
Kumar S (1996) PHYLTEST: a program for testing phylogenetic hy-
pothesis. Version 2.0. Pennsylvania State University
Lehmann T, Hawley WA, Grebert H, Collins FH (1998) The effective
population size of Anopheles gambiae in Kenya: implications for
population structure. Mol Biol Evol 15:264–276
Luikart G, Allendorf FW, Cornuet JM, Sherwin WB (1998) Distortion
of allele frequency distributions provides a test for recent popula-
tion bottlenecks. J Hered 89:238–247
MacKinnon K, Ramono WS (1993) Orangutans as flagship species for
conservation. In: Tilson R, Traylor-Holzer K, Seal U (prep) Orang-
utan Population and Habitat Viability Analysis Workshop. Briefing
book. North Sumatra, Indonesia, Medan, pp 112–114
Markham RJ (1985) Captive orangutans: present status and future pros-
pects. Bull Zoo Management 23:31–36
Markham R (1994) Doing it naturally: reproduction in captive orangu-
tans (Pongo pygmaeus). In: Ogden JJ, Perkins LA, Sheeran L (eds)
Proceedings of the International Conference on “Orangutans: the
neglected ape.” CA; Fullerton, pp 166–170
Mayr E (1969) Principles of systematic zoology. New York: McGraw-
Hill.
Melnick DJ, Hoelzer GA, Absher R, Ashley MV (1993) mtDNA di-
versity in rhesus monkeys reveals overestimates of divergence time
and paraphyly with neighboring species. Mol Biol Evol 10:282–
295
Morin PA (1992) Population genetics of chimpanzees. PhD Disserta-
tion, University of California, San Diego
Morin PA, Moore JJ, Chakraborty R, Jin L, Goodall J, Woodruff DS
(1994) Kin selection, social structure, gene flow, and the evolution
of chimpanzees. Science 265:1193–1201
Muir CC, Galdikas BMF, Beckenbach AT (1998) Is there sufficient
evidence to elevate the orangutan of Borneo and Sumatra to sepa-
rate species. J Mol Evol 46:378–381
Muir CC, Galdikas BMF, Beckenbach AT (2000) mtDNA sequence
diversity of orangutans from the islands of Borneo and Sumatra. J
Mol Evol 51:471–480
Nei M, Graur D (1984) Extant of protein polymorphism and the neutral
theory. Evol Biol 17:73–118
Nei M (1987) Molecular evolutionary genetics. New York: Columbia
University Press
Nowak RM (1991) Walker’s Mammals of the World, 5th ed, Balti-
more, London: Johns Hopkins University Press
O’Brien SJ (1994) Genetic and phylogenetic analyses of endangered
species. Annu Rev Genet 28:467–489
Raymond M, Rousset F (1995) An exact test for population differen-
tiation. Evolution 49:1280–1283
Reinartz GE, Karron JD, Phillips RB, Weber JL (2000) Patterns of
microsatellite polymorphism in the range-restricted bonobo (Pan
paniscus): considerations for interspecific comparison with chim-
panzees (P. troglodytes). Mol Ecol 9:315–328
Rijksen HD (1978) A field study on Sumatran orang-utans (Pongo
pygmaeus abeliiLesson 1827). Ecology, behavior and conserva-
tion. Mededelingen Landbouwhogeschool Wageningen
Rogers AR, Harpending H (1992) Population growth makes waves in the
distribution of pairwise genetic differences. Mol Biol Evol 9:552–569
Ruvolo M, Zehr S, Dornum M von, Pan D, Chang B, Lin J (1993)
Mitochondrial COII sequences and modern human origins. Mol
Biol Evol 10:1115–1135
Ruvolo M, Pan D, Zehr S, Goldberg T, Disotell TR, von Dornum M
(1994) Gene trees and hominoid phylogeny. Proc Natl Acad Sci
USA 91:8900–8904
Ruvolo M (1996) A new approach to studying modern human origins:
hypothesis testing with coalescence time distributions. Mol Phylo-
genet Evol 5:202–219
Ruvolo M (1997) Molecular phylogeny of the Hominoids: inferences
from multiple independent DNA sequence data set. Mol Biol Evol
14:248–265
Ryder OA (1986) Species conservation and systematics: the dilemma
of subspecies. Tree 1:9
Ryder OA, Chemnick LG (1993) Chromosomal and mitochondrial
DNA variation in orang-utans. J Hered 84:405–409
Saitou N, Suzuki M, Noda R, Shimada M (2000) Ape genome project.
Direct submission to GenBank
Schneider S, Kueffer JM, Roessli D, Excoffier L (1997) Arlequin
ver.1.1: a software for population genetic data analysis. Genetics
and Biometry Laboratory, Switzerland, University of Geneva
Segesser FV, Menard N, Gaci B, Martin RD (1999) Genetic differen-
tiation within and between isolated Algerian subpopulations of Bar-
bary macaques (Macaca sylvanus): evidence from microsatellites.
Mol Ecol 8:433–442
Seuanez HN, Evans HJ, Martin DE, Fletcher J (1979) An inversion of
chromosome 2 that distinguishes between Bornean and Sumatran
orangutans. Cytogenet Cell Genet 23:137–140
Shriver MD, Jin L, Chakraborty R, Boerwinkle E (1993) VNTR allele
frequency distributions under the stepwise mutation model: a com-
puter simulation approach. Genetics 134:983–993
Slatkin M (1995) A measure of population subdivision based on mic-
rosatellite allele frequencies. Genetics 139:457–462
Smith RJ, Pilbeam DR (1980) Evolution of the orang-utan. Nature
284:447–448
Sodaro V (1997) Distribution, conservation status, and causes of popu-
lation decline. In: Sodaro C (eds) Orangutan species survival plan
husbandry manual. Chicago Zoological Park, pp 12–14
Sokal RR, Rohlf FJ (1995) Biometry, 3rd ed. New York: WH Freeman
and Company
Swofford DL (1993) PAUP: phylogenetic analysis using parsimony.
Version 3.1. Illinois History Survey, Champaign
Weber JL, Wong C (1993) Mutation of human short tandem repeats.
Hum Mol Genet 2:1123–1128
Xu X, Arnason U (1996a) The mitochondrial DNA molecule of Su-
matran orangutan and a molecular proposal for two (Bornean and
Sumatran) species of orangutan. J Mol Evol 43:431–437
Xu X, Arnason U (1996b) Complete sequence of the mitochondrial
genome of the western lowland gorilla. Mol Biol Evol 13:691–869
Zhi I, Karesh WB, Janczewski DN, Frazier-Taylor H, Sajuthi D,
Gombek F, Andau M, Martenson JS, O’Brien SJ (1996). Genomic
differentiation among natural populations of orang-utan (Pongo
pygmaeus). Curr Biol 6:1326–1336
526
